This paper presents a new segmentation tool fur Live-3D echocardiographic images. It is based on a discrete three-dimensional deformable model. The model deformation scheme was extended by an interactive force component which allows to take advuntage of the accuracy of user driven segmentation tools. Various interaction schemes were implemented to nllow for interactive correction of the deformable model's development. By directly incorporating the user defined attractors into the deformable model, the deformarion process is accellerated and model parametrization is simplified. The user can draw points and/or contours into the image datu instead of adjusring model parameters.
Introduction
Development of Live-3D ultrasound imaging has increased the acquisition speed for echocardiography.
Compared to rotational or freehand 3D ultrasound imaging motion artifacts are reduced, which could result in more accurate volume analysis. To benefit from this noninvasive realtime imaging modality and to perform a more accuraie analysis of the heart function efficient postprocessing of the data is necessary. The first step for volumetric and functional analysis is the delineation of the left andor right ventricles endocardium in the complete data set. Common two-dimensional segmentation methods are very time consuming and often result in inconsistent segmentations. Automatic intensity bused Segmentation methods fail due to the enormous amount of noise and speckle in ultrasound images.
The use of deformable models can improve the (semi-) automatic segmentation of noisy data. Different methods were presented [ I , 2. 31. Nevertheless the application of such models is still limited. The parametrization always strongly depends on the quality of the acquired data and the subject under examination. In most cases model parameters need to be modified slightly from one data set to another. Because there is no general rule for model parametrization. parameters can only be found experimentally, which makes it a time consuming task again and often can only be performed by experts. This is not suited for a tool usable in clinical routine.
A very promising approach for segmentation of the left ventricle in 3D time series was presented by Gerard et 
Methods
Fig . I shows the workflow of the new segmentation tool. After loading a new data set the user selects one time frame and defines atvactors in regions where he wants the segmentation to pass through and where the boundaries of the structure of interest are not clearly visibte. Then an initial surface model enclosing all defined attractors is computed. In the next step the initial model is deformed according to image forces. model forces and until it passes through all defined attractors. The user continously gets an update of the current status of segmentation in two-dimensional multiplanar orthogonal views as well as in a three-dimensional surface model view. While the segmentation continues the user can add more attractors to influence the model in regions where the deformation stopped too early or correct the surface model in cases of over-segmentation until he is satisfied with the result, Then the next time frame can be selected. The previously defined attractors can be used for segmentation of this next frame. They can interactively be moved to the new boundaries and a new surface model is fitted through the attractors and to the image data. 
2,1,1. Deformation scheme
In an iterative scheme each vertex p i is moved according to the discrete approximation of the Newtonian law of motion: 
Topology adaption
To cope with complex surface geometries it is necessary to reconfigure the topology of the surface model. Therefore several topology adaption operations were implemented. The most important operation is the insertion of new points in places of high curvature enabling the surface mesh to grow into small cavities. This operation is performed automatically during model development where the average curvature of a surface cell gets too high. New points are inserted in this cell and the cell is split. On the other hand cells that do not satisfy a minimum curvature criteria are joined by deleting shared edges. Other properties than average curvature can be chosen as criteria for topology modifications. Currently, a second feature is implemented taking the size of cells into account, which is useful for generating meshes with regular cell sizes,
User interaction
Frior experiences with interactive two-dimensional segmentation tools [SI showed that new interaction schemes should carefully be developed. They need to be easy to understand and intuitive to handle. The radiologists should easily remember haw to use such a tool even if it is used rarely. Several interaction schemes for definition of the attraction forces were tested. They were integrated in the first version of the new tool enabling us to identify the interaction method preferred by our clinicians.
The first and simplest interaction method is based on the definition of points. Points can be added, moved and deleted in the two-dimensional multiplanar views.
The second scheme lets the user draw opened or closed contours, correct them and delete them. The attractor forces are extracted from these contours by subsampling points from the contours. The last interaction scheme extends the second approach by integrating a whole palette of two-dimensional Segmentation tools, e.g. an interactive region grower, a thresholding tool and a polygon tool. The latter approach is especially interesting for another possible application of the new tool, the segmentation of 3D-CT heart data, Here the interactive region grower can be used to delineate a few orthogonal slices of the LV endocardium. Then the workflow can be applied as presented here except for a different smoothing and image force computation of the input data.
Implementation
The developed application was implemented using the Medical Imaging & Interaction Toolkit (MITK) [9] . The basic deformable model and topology adaption algorithms were integrated into the open-source "Insight Segmentation & Registration Toolkit" (ITK) [IO] and are available via free download since version 1.8.
Results
The new application was used for delineation of left (LV) and right ventricles (RV). Looking towards clinical application the biggest advantage is the simplified use. No parameter adjustment is necessary. After loading the data the user can directly start by drawing the attractors. Then the initial model is fitted to the attractor data and the image data. Fig. 2 shows the screenshot of the user interface.
Because the attractor forces are implemented as hard constraints, it is always guaranteed that the resulting segmentation passes exactly through the user defined points. This has the effect that a larger part of the surface model is attracted by these forces, as mesh points near an attracted point always follow their moving neighbors due to the minimization of the internal energy of a simplex mesh. When such points get closer to high image gradient forces they get attracted by these image forces as well. This positive attractor force influence stabilizes and speeds up the deformation process.
Surface Mesh Topology
The final surface mesh of a delineated left ventricle consists of approximately 250-400 surface points (average). Due to the more complex geometry of the right ventricle the final surface meshes consist of 450-800 points.
User Interaction Acknowledgements
The different approaches for attractor definition were tested. The simplest one, the point definition scheme was also the most successful. For delineation of a left ventricle around 15 to 25 points needed to be set until the user was satisfied with the result. For segmentation of right ventricles more points (30-40) were needed. This can be explained by the higher geometric complexity of the right ventricle.
Time
First evaluation showed the new tool can reduce the time needed for delineation of Live-3D echocardiographic data, The delineation of the LV in one time frame of a data set approximately takes 2 minutes. For analysis of the ejection fraction (EF) the end diastolic and end systolic time frame need to be delineated only, which makes a total time of just 4 minutes. Following the delineation of a complete Live-3D data set with 15 time frames takes about half an hour. Compared to manual segmentation, where the segmentation of one time frame approx. takes 15 minutes per ventricle the total time needed for delineation of both LV and RV could significantly be reduced using the here presented tool.
4.

Discussion and conclusions
The major goal, developing a robust semi-automatic segmentation tool was achieved. It could be shown khat the presented tool is suited for the segmentation of Live-3D echocardiographic images.
The chosen approach furthermore combines the ability of deformable models to automatically detect object boundaries with interactive controIs enabling the user to influence the models development and ensuting accuracy of the results. By giving direct feedback, i.e. segmentation preview, the user can always see how the three-dimensional surface model develops and deforms.
The paramelrization of the deformable model is hidden from the user who can use the tool straightforward, without knowing anything about deformable modei parametrization.
Current work deals with extending the approach for the segmentation of 3D+t data. Successive time frames of the original data are registered using optical flow. From registration a deformation field is obtained, which can be used to automatically shift the interactively defined attractors. By successfully applying this method the total amount of time needed for the segmentation of ventricles in the complete 3D+t data set could be reduced to less than ten minutes.
